chemical to undergo degradation in the vadose zone (Bayless, 2001; Goody et al., 2001) . Degradation rates solid and the liquid phases at a single concentration:
geological rocks are rare. These include data on the isotherms in the vadose zone were found to be linear. K d s could be European Senonian chalk (Johnson et al., 1998; Besien well predicted by the clay content (particle-size fraction Ͻ 2 m after et al., 2000) or other rocks of more local distribution organic matter and carbonates removal) of the vadose zone. This (Palmer et al., 1992; Bersillon et al., 1994) . Sorption solid and the liquid phases at a single concentration:
L imited knowledge is available about the key physicowhere S is the sorbed concentration of the pesticide (mg chemical processes driving the fate and transport kg Ϫ1 ) and C is its concentration in solution at equilibof pesticides in the vadose zone. In studies of the fate of rium (mg L Ϫ1 ). Sorption isotherms are available for subpesticides in the environment, the primary focus has been soils, sometimes down to about 3 m (Sonon and Schwab, on soil (Bailey and White, 1970; Goring and Hamaker, 1995; Cox et al., 1996; Jenks et al., 1998; Jacques et al., 1972; Sawhney and Brown, 1989; Cheng, 1990; Linn et al., 1999) , but seldom for deeper materials (Moorman et 1993) , which is the main receptacle for pesticide resial., 2001) . Sorption data for the vadose zone are essential dues and a place where most pesticide degradation proto risk assessments of groundwater contamination by cesses occur. Interest in aquifers is more recent and has pesticides because of the sensitivity of the transport increased with the availability of national and regional models to sorption parameters (Boesten, 1991 ; Persiinventories that revealed the common occurrence of cani, 1996; Dubus and Brown, 2002) . pesticide residues in groundwater (Garner et al., 1986;  The study presented here provides more information Hallberg, 1989; Leistra and Boesten, 1989; Barbash and about pesticide sorption in the vadose zone, with specific Resek, 1996; Kolpin et al., 2000) . Most experimental focus on sorption variability with depth, isotherm linearstudies about pesticides in aquifers have dealt with ity, and relationships between sorption and the nature transformation and degradation processes (Kraft and of vadose zone materials. Tertiary geologic materials Helmke, 1991; Agertved et al., 1992; Rodriguez and considered in this study include limestones, marlstones, Harkin, 1997; Johnson et al., 2000; Larsen et al., 2000;  sands, and clays. Albrechtsen et al., 2001; Kristensen et al., 2001; Papiernik, 2001 ). Such studies are essential to address the question whether or not detected contaminants are MATERIALS AND METHODS likely to persist in the vadose zone. Retention processes Vadose Zone Description and Sampling deserve attention as well, since they generally play a major role in the fate and transport of pesticides in the Vadose zone samples were taken from three sites ( Laon clay (2 m) dated from the Late Ypresian, Lutetian coarse intensive cropping system, which included winter wheat (Tritilimestone (25 m) and heterogeneous marls and gravels (17 cum aestivum L.), barley (Hordeum vulgare L.), sugar beet m), and Auversian discontinuous Saint-Gobain clay (Ͻ1 m) (Beta vulgaris L. subsp. vulgaris), rape seed (Brassica napus L.), supporting the Beauchamp sands (10 m). Two successive loess pea (Pisum sativum L.), and maize (Zea mays L.). Up to 86 deposits covered the outcrops of these materials during the different pesticide active ingredients were used between 1989 Quaternary Period and were largely eroded and decarbonated and 1997, with the largest quantities being herbicides. From except in a few places in the catchment where their thickness these, we chose three herbicides used most frequently on the still reaches 7 m. The main aquifer of the catchment is the major crops in the catchment: metamitron, which is used on Lutetian limestone aquifer. Its aquitard is formed by the Laon sugar beet; isoproturon, which is used on cereals; and atrazine, clay layer. About 20 springs seeping from the plateau border which is used on maize (Table 1) . constitute the outlet of the aquifer. The piezometric height near the center of the catchment varies between 10 and 15
Analytical Procedures
m, so the vadose zone occupies the major part ‫04ف(‬ m thick) of the catchment. Three sampling sites ( Fig. 1) were selected All vadose zone samples were crushed in a mortar and dryto obtain the main vadose zone materials while limiting the sieved to 2 mm, with the sieved fraction being used for our number of drillings. Samples were taken with a rotative dualanalyses. Each vadose zone sample was characterized by its shell stainless-steel corer for poorly consolidated materials and particle-size distribution (in g kg Ϫ1 of dry soil), after organic with a helicoidal hollow-stem auger for hard rocks (limestone). matter removal by H 2 O 2 and decarbonatation by HCl, accordThe sampling progression was limited to segments of about ing to the following fractions: clay (Ͻ2 m), fine silt (2-20 m), 50 cm, with the sampling equipment cleaned between each segcoarse silt (20-50 m), fine sand (0.05-0.2 mm), and coarse ment. From the 20 m of drillings collected, we selected 30 sand (0.2-2 mm) (Association Française de Normalisation samples that represented most of the facies variations encoun-
[AFNOR], 1983), its organic C content (in g kg Ϫ1 of dry soil) by tered in each bed of the catchment. Samples were sealed in dry combustion (AFNOR, 1995a) , its pH in water (AFNOR, plastic bags or tin cans and stored at 4ЊC before analysis. 1994), and its CaCO 3 content (g kg Ϫ1 of dry soil) by means of the volumetric method (AFNOR, 1995b) .
Pesticide Selection
Distribution coefficients (K d ) of atrazine, isoproturon, and metamitron on each of the 30 vadose zone samples were meaThe 135-ha cultivated area of the catchment comprised 31 agricultural fields operated by three farmers using the same sured in batch using 14 C-labeled molecules. Duplicate 5-g sam- Boesten, 1990) . Therefore, increasing the end-over-end agitator at 22 Ϯ 1ЊC. Any transformation of the counting time durations is the most reliable way to increase pesticides during that time was considered to be negligible K d accuracy, in addition to reducing the solution/solid ratio. (Coquet, 2003 . These accuracies were consistent with opment, 2001). Decreases in activities ranged from 240 to 2810 the repeatability of the measurements. Standard deviations dpm mL Ϫ1 for atrazine, 165 to 1830 dpm mL Ϫ1 for isoproturon, that may be computed from the K d duplicates were on average and 145 to 2480 dpm mL Ϫ1 for metamitron.
0.020 L kg Ϫ1 for atrazine, 0.010 for isoproturon, and 0.028 for The same procedure was used for the sorption isotherms, metamitron, which is in reasonably good agreement with the but with five different initial concentrations ranging from 1.10 accuracy calculations given the limited number of replicates. to 6.87 mg L Ϫ1 for atrazine, 1.13 to 22.7 mg L Ϫ1 for isoproturon, Relative accuracies of the sorbed concentrations S in the and 1.16 to 23.2 mg L Ϫ1 for metamitron, and three repetitions isotherm experiments were between 4 and 76% for atrazine for each initial solution concentration. These initial concentrawith an average of 12%, between 5 and 46% for isoproturon tions represent one-one hundredth to one-third of the maxiwith an average of 14%, and between 2 and 15% for metamimum pesticide concentration in soil after application assuming tron with an average of 7%. Absolute accuracies of the sorbed standard agricultural doses (1, 1.8, and 2.8 kg ha Ϫ1 for atrazine, concentrations ranged from 0.03 to 0.18 mg kg Ϫ1 from the isoproturon, and metamitron, respectively) that reach the soil lowest to the highest concentrations for atrazine, from 0.02 to surface, and a depth of mixing in the soil of 1 cm. These pes-0.42 mg kg Ϫ1 for isoproturon, and from 0.03 to 0.55 mg kg Ϫ1 ticides may be expected to reach groundwater at concentrafor metamitron. Standard deviations of S computed from the tions much smaller than the values above. For instance, Kolpin triplicate values were always smaller than these absolute acet al. (2000) reported a maximum concentration of atrazine curacies. of 4.2 g L Ϫ1 in U.S. groundwaters. Concentrations of atrazine Ͼ2 g L Ϫ1 were recorded only six times in more than 2300
Sample Selection for the Isotherm Measurements
French groundwater samples (Institut Française de l'EnvironNot all of the 30 vadose zone samples initially collected nement, 2001). However, accurate sorption measurements at were characterized for their sorption isotherms. It was thought low pesticide concentrations are difficult to achieve (e.g., Boethat the 30 samples should not be all different, particularly sten, 1990; Bersillon et al., 1994; Moreau and Mouvet, 1997) .
those taken from the same geological layer, but with slightly A trade-off had to be found between the accuracy of the different facies. Therefore, the sorption isotherms may be sorption measurements and their relevance to vadose zone measured on a limited number of representative samples and transport processes. This last point will be addressed below still give a fairly good picture of the variation of the isotherm in the discussion of the results. Initial activities of the solutions parameters in the vadose zone of the entire catchment. To do ranged from 1550 to 1980 dpm mL Ϫ1 for atrazine, 4520 to 5460 this, a principal components analysis (PCA) of all K d values dpm mL Ϫ1 for isoproturon, and 2190 to 2340 dpm mL Ϫ1 for and other physicochemical data was first performed to investimetamitron. Decreases in activities ranged from 35 to 510 gate similarities among the samples. Principal components dpm mL Ϫ1 for atrazine, 100 to 850 dpm mL Ϫ1 for isoproturon, analysis is a standard mathematical tool for analysis of multiand 180 to 980 dpm mL Ϫ1 for metamitron. Sorption isotherms variate data, especially large tables of variables and observawere fitted to the Freundlich equation in its logarithmic form:
tions (see e.g., Blackith and Reyment, 1971; Mardia et al., 1979; Insightful Corporation, 2001, chap. 20) . Second, a clustering
method (Ward, 1963) was used to group the samples according where K f and N f are empirical coefficients.
to their similarity. In each group, the sample nearest to the barycentre of the group was then selected for isotherm characterization.
Accuracy of the Sorption Measurements
Accuracies of the sorption data were calculated as indicated
RESULTS AND DISCUSSION
by Boesten (1990) , except for errors in the initial and final activities of the solution (␥ a and ␥ e in Boesten, 1990) , which
were evaluated in a more rigorous way. Recognizing the Pois-
The K d values of atrazine, isoproturon, and metamison distributed nature of radioactive emission, relative accuracy of the solution activity is given by:
tron measured on the 30 vadose zone samples are listed in Table 2 and reported in Fig. 2 , together with the basic were larger than those measured in the limestone (excluding Sample A5), with the exception of the gypsum stratigraphy of the three sampling profiles. K d values for the topsoil (0-18 cm) at each site were added for layer, B4, which had low isoproturon and metamitron K d s (Table 2) . Mean K d values in Profile B (excluding comparison (Table 3) . Two vadose zone materials were found to have K d values higher than that of the topsoil. the topsoil and Sample B8) were 0.49 L kg Ϫ1 for atrazine, 0.24 L kg Ϫ1 for isoproturon, and 0.35 L kg Ϫ1 for metaThe 3.6-to 3.8-m-depth sample in Profile B, noted B8 in Fig. 2b , was identified as a lignitic clay, and had an mitron. The Auversian Beauchamp sand (Profile C, Fig. 2c ) was homogeneous down to the clay sample, C5, atrazine K d 3.6 times that of the topsoil. In Profile C, Sample C5 (depth 2.65-2.85 m) corresponding to a clay which had high K d values. Samples C1 to C4 had a mean K d of 0.34 L kg Ϫ1 for atrazine, 0.16 L kg Ϫ1 for bed had a metamitron K d 1.5 times that of the topsoil. A trend of decreasing K d s from the soil surface to deeper isoproturon, and 0.32 L kg Ϫ1 for metamitron. The relative sorption capacities of the vadose zone depths as observed by various authors (Felding, 1997; Jenks et al., 1998; Jacques et al., 1999) was not uniformly materials for the three herbicides were different from those of the topsoil (Fig. 2) . Whereas atrazine tended present along the three vadose zone profiles shown in Fig. 2 , although it was valid for the top 1.5 m. K d variato be less sorbed than isoproturon and metamitron in the topsoils, it was predominantly sorbed by all vadose tions vs. depth in the vadose zone were mostly determined by the type of geological material present.
zone materials of Profiles A (except outlier A5) and B (except near-surface sample B1). In Profile C, isoproThe Lutetian limestone layer had a very homogeneous K d for the three herbicides, except for Sample turon has a K d well below those of atrazine and metamitron. It is worth noting that Madsen et al. (2000) A5 whose K d values could not be explained by either its organic C content or its clay content (Table 2) , which observed the same pattern for a similar type of carbonate-free sandy vadose zone samples from Denmark. were both low and similar to the other limestone samples. The mean K d value of the limestone (except Sample Similar orders of magnitude were found for atrazine Moorman et al. (2001) for alluvium, A5) was slightly larger for atrazine (0.13 L kg
loess, and oxidized till subsurface materials; by Roy and Krapac (1994) for Quaternay sands and tills; and by Similar K d values were reported for chalk by Johnson et al. (1998) and Madsen et al. (2000) . The Lutetian Moreau and Mouvet (1997) and Jenks et al. (1998) for subsoils. Agertved et al. (1992) and Widmer and Spalmarls and gravels (Profile B, Fig. 2b ) were more heterogeneous than the other two profiles. These K d values ding (1995) measured atrazine retardation in sandy aq- PCA is essentially the statistical application of eigenvecuifers that corresponded to K d s between 0.03 and 0.05 tors decomposition and stems from the fact that it is L kg Ϫ1 . Such low K d s are probably the result of the low generally easier to investigate data by considering a organic C content (Յ0.2 g kg
Ϫ1
) and low clay content small number of well-chosen linear combinations of the (Յ1 g kg Ϫ1 ) of the aquifers. The isoproturon K d s meaoriginal variables, rather than all of the variables sepasured by Johnson et al. (1998) in the Cretaceous chalk rately (which may be too cumbersome when the number of England between the 2.1-and 9.9-m depths ranged of variables is large). Through the principal components' between 0.02 and 0.46 L kg
. Madsen et al. (2000) decomposition, it is possible to explore much of the found isoproturon K d s between 0.07 and 0.85 L kg Ϫ1 for variability of the data by looking only at a few graphs Quaternary aquifer sands and the Cretaceous chalk of using the first principal components (the first eigenvecDenmark. Metamitron K d s of the same materials ranged tors) as their axes in place of the original variables. In between Ͻ0.1 and 0.97 L kg
, plus two unexplained our case, the first principal component (noted PRIN1, outliers at 1.1 and 3.1 L kg
. Fig. 3 ) accounted for 46% of the total variance, the second principal component (PRIN2) 27%, and the third
Principal Components Analysis
(PRIN3) 15%. In all, the first three principal components were enough to account for 88% of the original Principal components analysis is a simple and efficient variability corresponding to all 11 variables. The disway to investigate the relationships between variables criminatory power of PCA is illustrated in Fig. 3 , which (i.e., correlations), between observations (i.e., similarishows the coordinates of the 30 vadose zone samples ties), or between observations and variables (i.e., how in the first two new axes (PRIN1, PRIN2). These first similarities among observations may be explained by the two principal components include 73% of the original variables). Principal components analysis is especially variability of the data, thus giving a better representauseful when analyzing a large number of observations tion of the original variability than any one graph that described by a large number of variables, such as in our could be made by selecting two of the original variables. case: 30 samples described by 11 variables ( Table 2) . As stated by Blackith and Reyment (1971, Chapter 12),
In Fig. 3 , one can easily identify similarities among the
Selection of the Samples for Isotherm Measurements
Examination of the K d variations in the three vadose zone profiles shows that several samples had very similar properties, especially those taken from the Lutetian limestone. To avoid measuring the sorption isotherms of all 30 samples, we used a clustering method to group them objectively according to their similarity. Sample resemblance was judged on all the material properties listed in Table 2 . The clustering process was terminated a priori when the between-cluster variance reached 90% of its initial value. Figure 3 shows the seven groups resulting from the clustering. Two clusters were formed by only one sample and correspond to the outliers B8 and C5 already noted for Profiles B and C (Fig. 2) . Clusters tended to form exclusively from samples belonging to the same profile. Only Sample A5, the unexplained outlier of Profile A, did not join the limestone group (Samples A4-A14), whereas Sample B11 (the calcareous sand sample of Profile B) joined the lime- est to the cluster barycentre in 11-dimensional data space. The seven selected samples are italicized in Table 2 . The samples that tend to group together, whereas for instance K d values, the clay content, and the organic C content of sample B8 (the lignitic clay) clearly appears specific. the B8 sample were highly divergent from those of the Figure 4 shows the contribution (or "loading") of each other samples, which explains the remote position of original variable to the three new principal component this sample in Fig. 3 . Sample C5 had a high clay content axes PRIN1, PRIN2, and PRIN3. Each loading correbut a low organic C content. Sample A1 corresponded sponds to the coordinate of each original variable in the to the decarbonated loam layer at the upper part of Pronew principal component basis, that is, to the coefficient file A (Fig. 2) . Sample A10 corresponded to the limeassociated with each original variable in the linear comstone. The marlstones and the top of Profile B were repbination corresponding to a particular principal comporesented by Sample B2, and the sandier and less organic nent axis. The larger the coordinate value of a variable layers of Profile B by Sample B6. The materials derived on a principal component axis, the more important the from the Beauchamp sand were represented by Samcontribution of this variable is to the axis. The K d variple C4. ables, the clay content, and the pH and CaCO 3 content
Isotherm Descriptions
were the main contributors to the first principal component (PRIN1), whereas the second principal component Unfortunately, the quantity of material recovered (PRIN2) was negatively correlated to the sand fractions, during the drilling was not sufficient to characterize the and positively correlated with the organic C and CaCO 3 sorption isotherms of Sample B8. The sorption isocontents. The third principal component (PRIN3) was therms of atrazine, isoproturon, and metamitron on the positively correlated with the silt fractions, and negasix other vadose zone samples are presented in Fig. 5 . tively with the sand fractions. Figure 4 gives an indication Fitted linear isotherms are also shown. The Freundlich of the degree of correlation between the variables-the model was fitted to the isotherms, and its parameters closer two variables on the graphs, the more correlated are listed in Table 4 . they are. Figure 4 shows that the K d s of the three herbiFreundlich exponents N f s had low variation (CVs Ͻ cides were mainly correlated to the clay content of the 10%). Such low CVs for N f parameters have been reported at the field scale (Jacques et al., 1999 ; Zander vadose zone. et al., 1999), the regional scale (Moorman et al., 2001 ), close to unity for all three herbicides (Table 4) . Indeed, and in literature compilations (Hamaker and Thomp- Student tests on the slopes of the log-transformed son, 1972; Calvet et al., 1980) . Mean N f values were Freundlich isotherms showed that N f was never significantly different from 1 at the 0.05 ␣ level, except for the atrazine isotherm of Sample B2 (␣ ϭ 0.027) and for the metamitron isotherm of Sample B6 (␣ ϭ 0.048). Hence, most of the vadose zone sorption isotherms of Fig. 5 could be fitted to a linear isotherm. These values are also presented in Table 4 , together with their 95% confidence intervals. Some discrepancies between the K d values derived from the isotherms and those measured initially can be seen by comparing Tables 2 and 4. Student tests were used to check whether or not these discrepancies were significant by comparing the normalized residues of the initial K d duplicates to the residual variance of the linear isotherms. Excluding Samples B2 for atrazine and B6 for metamitron, whose isotherms were not linear, the initial K d values were found to be consistent with those derived from the isotherms in 70% of the cases (23/32), considering a 0.05 ␣ probability. In the case of atrazine, both duplicate initial K d values of Samples A1 and B6 and one of the duplicates of Sample B4 overestimated the isotherm-derived K d . Only one of the duplicate initial K d values of Sample A1 overestimated the isotherm K d of isoproturon. Both duplicate points of Sample A10 and one of Sample C5 significantly underestimated the metamitron isotherm K d value. The consistency check increased to 87% when considering a 0.01 ␣ probability for the Student tests, with only four initial K d measurements different from the isotherm K d out of 32. This consistency might be expected to be even higher if one be partly the result of heterogeneities of the samples, despite the standard mixing-splitting preparation of the samples. However, these discrepancies do not substantially modify the general trends observed within each profile (Fig. 2) . Most of the sorption isotherms in the topsoil of the same catchment were found to be nonlinear, with N f Ͻ 1 (Coquet, 2003) . Such nonlinearity in the topsoil may be due to the presence of highly aromatic organic matter in which specific sorption occurs at internal sites (Pignatello, 1991) . The linearity of vadose zone sorption isotherms could be caused by the absence of highly condensed microcrystalline organic matter fractions McGinley et al., 1993; Kleineidam et al., 1999; Karapanagioti and Sabatini, 2000; Karapanagioti et al., 2000) such as those created through diagenesis in shales (Young and Weber, 1995; Johnson et al., 2001) . Herwig et al. (2001) found N f values close to unity for atrazine isotherms on clay minerals. However, MoreauKervé van and Mouvet (1998) and Clausen et al. (2001) found an atrazine N f value for kaolinite slightly less than 1, while Laird et al. (1992) suggested that N f generally tended to be Ͻ1 for smectites. On the same kaolinite, Clausen et al. (2001) found an isoproturon N f of 1. These same authors also could not detect any adsorption of atrazine or isoproturon on calcite and quartz (except at pH 2.4). Our results (Table 4) suggest that clay minerals, especially if the dominating type is kaolinite, may dominate the sorption processes in the vadose zone of the Bruyè res-et-Montbé rault catchment.
To test the efficiency of the clustering method, we compared pair by pair the sorption isotherms of all selected samples for each chemical (Table 4 ). Since two of the isotherms were nonlinear, the comparison was done on the Freundlich isotherms in their logarithmic form by comparing their slopes (N f ) and intercepts (K f ). All selected samples had different sorption isotherms for at least one herbicide (Table 4) . Atrazine K f values were all different, except for Samples B2 and C4, and all atrazine N f values were not significantly different (␣ Ͼ 0.15). Isoproturon K f values were all different at the 0.05 ␣-level, except Sample B6 when compared with Samples B2 or A1. Isoproturon N f were not significantly A10. All metamitron K f were different from each other at the 0.02 ␣-level. Metamitron N f were not significantly relevant for the lower concentrations (Ͻ100 g L Ϫ1 ) that can be expected deeper in the vadose zone. different at the 0.05 ␣-level, except Sample B6 when
The extrapolability of the isotherm linearity found in compared with all other samples but Sample B2. This this study may be questionable at low concentrations. confirms that all the samples selected by the clustering Based on thermodynamic considerations (e.g., Karickprocess had different sorption properties in regard to hoff, 1984) , linear isotherms may be expected for dilute the three herbicides considered in this study.
sorbates and homogeneous sorbents, whether or not they involve partitioning or adsorption processes (MinImplications For Vadose Zone Transport gelgrin and Gerstl, 1983) . These findings were initially In our sorption experiments, pesticide concentrations supported by available experimental data (Chiou et al., at equilibrium ranged from 0.69 to 23 mg L Ϫ1 . Such con-1979; Ball and Roberts, 1991) . However, invoking a discentrations cover the upper part of the range of concentributed reactivity concept  McGintrations that can be expected in the subsoil or in the ley et al., 1993) to describe sorption by soils and subsoils, upper part of the vadose zone (e.g., the first 2 m) after and evidence that isotherms may be nonlinear at low standard pesticide applications. Goody et al. (2001) concentrations in the case of strong specific sorbatefound that isoproturon concentrations in a chalk aquifer sorbent interactions (Spurlock and Biggar, 1994) suggests that one should be particularly careful when exdid not exceed 0.5 g L
Ϫ1
, while also measuring a maxitrapolating sorption isotherms. For instance, Chiou and mum subsoil solution concentration of 0.5 mg L Ϫ1 287 d Kile (1998) showed that the sorption isotherms of polar after the application. Bayless (2001) similarly found atsolutes, such as the three herbicides considered here, on razine concentrations below 0.001 g L Ϫ1 in a 4.5-to a "mineral" soil (organic C content of 2.6 g kg Ϫ1 ) were 5.8-m-deep till plain aquifer but measured a maximum linear down to a relative solute concentration (C/S w , concentration of 4 mg L Ϫ1 at the 1.5-m depth within the where S w is the solubility of the solute in water) of same period.
0.1 to 0.3, and nonlinear below these values. Relative The relevance of the pesticide concentrations used in concentrations for the isotherms of Fig. 5 ranged from this study could be evaluated by applying attenuation 0.0003 to 0.35, but no indication of nonlinearity was factor (AF) calculations (Rao et al., 1985) based on the detected at the lowest concentrations in the case of the properties of the three vadose zone profiles (Fig. 2) .
linear isotherms. Most of the vadose zone samples of Most of the parameters needed for the AF calculations the Bruyè res-et-Montbé rault catchment had a low orof the three herbicides at 1 m depth were measured loganic C content (Ͻ5 g kg
, Table 2 ), with the clay fraccally: K d s (Table 2) , average field capacities and bulk tion generally being the dominant sorbent. This could densities of the loess-derived (Profiles A and B: 0.32 explain that most of the isotherms were found to be cm Ϫ3 cm Ϫ3 and 1.57 kg dm Ϫ3 ) and sand-derived (Profile linear. However, it remains to be shown experimentally C: 0.22 cm Ϫ3 cm Ϫ3 and 1.48 kg dm Ϫ3 ) materials, and averif this linearity can be extrapolated to low herbicide age (1991) (1992) (1993) (1994) (1995) (1996) (1997) 
Zone Properties
metamitron. Degradation was assumed to occur down to 1 m depth, whereas half-lives were considered to be Possible relationships between the sorption parameinversely proportional to the amount of organic matter ters of atrazine, isoproturon, and metamitron and physiin each horizon. Attenuation factors were found to be cochemical properties of the vadose zone materials listed 0.067 for atrazine, 0.013 for isoproturon, and 0.018 for in Table 2 were explored using correlation analysis. For metamitron in Profile A. Considering standard applicaall three herbicides, K d was found to be strongly corretion doses (see Materials and Methods), the concentralated to clay content. Spearman rank correlation coeffitions at 1 m depth were 2.2, 1.2, and 1.1 mg L Ϫ1 for atracients were 0.87 for atrazine (␣ Ͻ 0.0001), 0.93 for metazine, isoproturon, and metamitron. In the same manner, mitron (␣ Ͻ 0.0001), and 0.73 for isoproturon (␣ ϭ AFs at 1 m depth in Profile B were 0.053, 0.0013, and 0.0001). No significant correlation between the K d s and 0.0023, and the corresponding concentrations were 1.7, the organic C content was observed (␣ Ͼ 0.37). This 0.11, and 0.14 mg L Ϫ1 for atrazine, isoproturon, and metaconfirms the dominant role of the clay minerals in the mitron, respectively. At 1 m in Profile C, the AFs were sorption of organic pollutants on sediments having low 0.29, 0.086, and 0.070, and the expected concentrations organic C contents, as shown by Karickhoff (1984) and were 9.7, 7.7, and 4.2 mg L Ϫ1 . Such concentrations are others. In particular, the high K d values measured for consistent with observations by Bayless (2001) and Samples B8 and C5 are easily explained by the high Goody et al. (2001) and belong to the lower part of the clay content of these samples (Table 2) . A negative sorption isotherms presented in Fig. 5 . These concentracorrelation was found between the K d s and the pH (␣ Յ tions may be expected at 1 m depth in the vadose zone .0002) as well as the CaCO 3 content (␣ Ͻ 0.04). Howprofiles of the Bruyè res-et-Montbé rault catchment and ever, it is likely that these correlations are indirectly to some extent (depending on the degradation and disdue to the strong negative correlation between clay conpersion properties of the vadose zone) below that depth. tent and pH or CaCO 3 content (␣ Ͻ 0.002). This correlation is probably a consequence of the deposition process However, the sorption data presented here may be less of the sedimentary materials under the prevailing carcatchment, but uncertain for extrapolation outside the catchment, especially when other types of geologic mabonated environmental conditions of the Lutetian sea, with a balance between clays and carbonates. This balterials are present. Developing pedotransfer functions for vadose zone sorption properties will require dataance ranged from clays with low carbonates in the Marl and Gravels beds (e.g., Sample B8) to limestones with bases with more general information, as has been done for the establishment of K OC s (K d s normalized by the orlow clay content (e.g., limestone of Profile A) (Blondeau et al., 1980) . No correlation was found to be significant ganic C fraction of the soil) for pesticide sorption in topsoils (Hamaker and Thompson, 1972; Calvet et al., 1980 ; at the 0.05 ␣ level between the N f parameters (Table  4) and any of the physicochemical properties of the Hornsby et al., 1996) . While important, such an approach is likely to be subject to the same type of drawbacks as samples.
Regression analysis showed that the clay content exthose for the K OC s (Weber et al., 2000; Wauchope et al., 2002) , such as differences in the measurement techniques, plained 91.1, 83.1, and 97.8% of the K d variations for atrazine, isoproturon, and metamitron, respectively. Rebiases in the geographical distribution of the samples, incompleteness, and large uncertainties when used for moving the peculiar limestone sample, A5, improved the correlation with clay content, especially for isopropredictions at local or regional scales. However, developing such databases is a necessary first step for objecturon K d . Without the A5 outlier, the clay content explained 91.7, 90.7, and 98.0% of the K d variations for tive risk assessments of groundwater contamination by pesticides. More experimental data, such as those preatrazine, isoproturon, and metamitron, respectively. The polarity of the three herbicides may relate to the quality sented here, are needed for this purpose. of the relationship of K d with clay content. Metamitron, whose K d variability was explained in large part by the CONCLUSIONS clay content, also has the largest solubility in water (TaVadose zone sorption properties were explored at the ble 1). Stepwise forward regression did not reveal any scale of the 187-ha Bruyè res-et-Montbé rault catchment other explanatory variables for atrazine (5% threshold in France. The adsorption coefficients of three herbilevel for the Fisher test). The coarse silt content could cides, atrazine, isoproturon, and metamitron, were found be considered as a secondary explanatory variable for to be highly variable, with CVs Ͼ100%. These variations metamitron K d s, but only explained Ͻ0.5% of the variwere driven by variability in the geological materials enability. On the other hand, the organic C content could countered in the catchment. The sorption isotherms of explain a further 2.1% of the isoproturon K d . Satisfacthe three herbicides were found to be linear, so that the tory regressions (R 2 Ͼ 90%) could be obtained for topsorption properties could be characterized effectively soil K d s in the same catchment but with the organic C using only the distribution coefficients K d s. Having lincontent as the main explanatory variable, instead of ear sorption isotherms will greatly simplify the modeling clay content (Coquet and Barriuso, 2002) . These results of pesticide transport through the vadose zone to groundsuggest that efficient and simple pedotransfer functions water. The K d s could be predicted fairly accurately using may be developed for the prediction of sorption coeffithe clay content (particle-size fraction Ͻ 2 m, after orcients of the vadose zone at the catchment scale, but ganic matter and carbonate removal) of the materials. that they may require different basic information (e.g., This result suggests that simple but efficient pedotransclay content) than those usually required for soils (orfer functions may be derived to predict vadose zone ganic C content). sorption properties. The regressions between the K d values and vadose zone characteristics obtained here may be improved by ACKNOWLEDGMENTS including other types of variables, such as clay mineralogy (Fruhstorfer et al., 1993; Cox et al., 1996; Herwig The author wishes to thank C. Labat, P. metamitron K d had an R 2 of 98% in our study, which is larger than that obtained by Madsen et al. (2000) for REFERENCES the same pesticide (96%) considering total Fe content as a principal explanatory variable, and several other good tool for sorption and transport studies within that
